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Abstract 
A plasmonic coupling structure composed of Ag nanocap-nanohole pairs was 
fabricated through a novel and facile method. Both surface-enhanced Raman 
scattering (SERS) measurements and numerical simulations show that the cap-hole 
system produces much larger electric field enhancement and SERS signal than the 
isolated structures, which is due to the plasmonic coupling effect between the gap of 
the cap and the hole. Additionally, the plasmonic enhancement is sensitive to the gap 
size, which can be controlled by the Ag layer thickness during the evaporation process. 
A maximum enhancement factor of 1.1×108 can be obtained with optimized gap size. 
 
Introduction 
Surface-enhanced Raman scattering (SERS) is an effective analytical chemical 
sensing technique which continues to attract a great deal of research attention 1 2 3. It 
is now well-known that the main contribution to SERS is the electromagnetic (EM) 
mechanism which relies on the generation of surface plasmons (SPs) in metallic 
nanostructures 4 5 6 7. SPs can enhance the local EM fields on the metal surface and 
concentrate them into subwavelength volumes, resulting in dramatically enhanced 
Raman signals from adsorbates lying within these volumes. Moreover, several recent 
studies have shown that a nanoscale dielectric gap (typically 5-20nm) between 
adjacent metal structures can induce plasmonic coupling effects, which harness EM 
energy much more efficiently than the isolated structures 8 9 10 11. The use of nanoscale 
plasmonic coupling gaps therefore provides a promising approach to realize highly 
efficient SERS platforms. However, the lack of convenient, reproducible and 
high-throughput fabrication methods for such SERS substrates has limited their 
widespread adoption. 
In this paper we present a low-cost one-step method to fabricate a plasmonic 
coupling structure composed of Ag nanocap-nanohole pairs. We demonstrate that this 
structure can be employed as an efficient SERS substrate, providing an enhancement 
factor as high as 1.1×108. The plasmonic coupling effect of this structure is also 
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to the gap size, which can be precisely controlled.  
In our experiments, we used a near-infrared (NIR) laser (785nm) as the excitation 
source for SERS measurement. NIR excitation is advantageous in single molecule 
detection and biomolecule application 12 13, as it can strongly decrease the background 
(fluorescence and Raman signal of the surrounding medium), penetrate deeper in 
biological tissues and lead to smaller photothermal damage to biomolecules because 
of its low photon energy. Additionally, NIR excitation is nonresonant for most 
molecules (including rhodamine 6G (R6G) used in our experiments), so it allows for 
the use of high excitation intensities without photo bleaching and ensures that the 
SERS signals are generated mostly from the electromagnetic (EM) mechanism. 
 
Experimental details 
The Ag nanocap-nanohole pairs were fabricated according to the procedure shown in 
Figure 1(a). First, commercially available 200 nm diameter polystyrene (PS) 
nanospheres were randomly dispersed on clean glass substrates, followed by baking at 
85 ℃ for 30 min. Then an Ag layer was thermal evaporated at normal incidence onto 
the substrates. The top of each PS nanosphere was covered with Ag as well as the 
surface of the glass substrate around it, resulting in an Ag nanocap on each PS 
nanosphere with a Ag nanohole underneath it 14 15. Scanning electron microscopy 
(SEM) images of such Ag nanocap-nanohole pairs are shown in Figure 1(c). A 
zoomed-in SEM image shown in the inset indicates that the Ag nanocap is like an 
ellipsoidal semishell which is the thickest on the top. For comparison, the isolated Ag 
nanohole structure was fabricated by sonicating the evaporated sample in ethanol for 
about 30s to release the Ag nanocaps with the PS nanospheres and then rinsing with 
deionized water for several times. The isolated Ag nanocaps structure was fabricated 
by gently lifting them from their growth substrate with a double-sided tape. 
 For SERS spectra measurements, a 10 μL droplet of 1 μM R6G aqueous 
solution was dropped on the samples using an accurate pipette, and then dried in air at 
ambient temperature to obtain a uniform molecule deposition over an area of about 10 
mm2. The Raman scattering spectra were taken with a confocal microscopic Raman 
spectrometer (HORIBA Jobin Yvon LABRAM-HR). The samples were excited by a 
785 nm semiconductor laser with about 0.45mW power through a 50× (N.A. 0.5) 
objective and the Raman signal was collected through the same objective in a 
backscattering geometry which is the same as that in ref. 16. The integration time was 
10s. 
 To investigate the electric field distribution and enhancement of the Ag 
nanocap-nanohole pairs, numerical simulations were performed using the 
three-dimensional finite-difference time-domain method (Lumerical FDTD Solutions). 
The boundary conditions of the simulation domain are perfectly matched layer 
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2×2×1 nm3. A linearly polarized plane wave with 785 nm wavelength illuminates the 
sample from the upper side. In order to closely match the experimental condition, the 
Ag nanocap was modeled as half of an ellipsoid shell with a concentric PS nanosphere 
core 15 17. The radius of the core was set to 100nm, corresponding to that of the PS 
nanospheres used in the experiments. The thickest Ag layer on the top of the nanocap 
was set the same as that formed on the glass substrate; meanwhile the thinnest Ag 
layer on the edge of the nanocap was set to 15nm. The dielectric constants of the PS 
nanosphere was 1.6, while the dielectric constants of glass and Ag were based on the 
experimental data of ref. 18. Since the Ag nanocap-nanohole pairs are many diameters 
apart on average, we ignored the interaction between each pair in the simulations. 
 
Figure 1. (a) Fabrication procedure for randomly spaced arrays of Ag nanocup-nanohole pairs. (b) Schematic 
illustration of a single Ag nanocup-nanohole pair. (c) 45° SEM images of the randomly spaced Ag 
nanocup-nanohole pairs. The inset is a zoomed-in 45°SEM image of a single Ag nanocup-nanohole pair. 
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Figure 2. (a) Raman spectra of isolated Ag nanoholes (black), isolated Ag nanocaps (red) and the combined Ag 
nanocap-nanohole system (blue) with a Ag layer of 90 nm. (b)~(d) The corresponding simulated electric field 
distribution Log10|E|2 of the three structures. All structures were illuminated by normally incident light with 785 
nm wavelength. 
 
 Hole Cap Cap-hole 
Maximum of |E|2 183 2244 4756 
Maximum of GSERS 1.4×104 9.1×105 6.4×106 
Hot spot number 0 84 172 
Table 1. The maximum of electric field intensity and Raman gain GSERS and the hot spot number calculated from 
the three structures (isolated Ag nanoholes, isolated Ag nanocaps and the combined Ag nanocap-nanohole system 
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The SERS performance of the combined Ag nanocap-nanohole system with an Ag 
layer of 90 nm (i.e. gap of 10 nm) is shown in Fig. 2 (a). For comparison, the Raman 
spectra from the isolated Ag nanocap and Ag nanohole structures were also performed 
(in order to achieve measurable Raman spectra we use 10 μM R6G aqueous solution 
in these two cases). From Fig. 2, obviously the combined system provides more than 
one order of magnitude greater SERS signal than from either of the isolated structures. 
The greater SERS signal of the combined system can be attributed to the enhanced 
electric field induced by the plasmonic coupling effect in the gap. 
 
To further understand the electric mechanism of this coupling effect, the steady state 
field distributions of each structure were calculated by FDTD method, shown in Fig. 
2(b)~(d). The maximum of electric field intensity and Raman gain (GSERS) and the hot 
spot number derived from the simulation are performed in Tab. 1. As is generally 
agreed, the GSERS can be expressed as 6 7 21,22 
 
Where  and  are the incident field and Raman emission field 
without enhancement,  and  are the enhanced electric field at 
the incident and scattered wavelength. Ignoring the vectorial nature of the field and 
the tensorial properties of the Raman polarizability, GSERS is roughly proportional to 
the fourth power of the electric field enhancement. A hot spot is defined as the point 
where the GSERS is larger than a GSERS threshold (105) 22. The dimension of a single 
hot spot is the same with our simulation cell size. This enables the statistics of the hot 
spot number in the entire simulation region. It should be noted that the GSERS and hot 
spot number are all collected from the structure surface to match the experimental 
situation that the analyte were adsorbed on the substrate surface for SERS detection. 
 
From Fig. 2(b) and (c), both the isolated Ag nanocap and Ag nanohole support 
localized surface plasmons (LSPs) at their corners. When they are combined together, 
their LSPs interact, resulting in a plasmonic coupling effect which can greatly 
enhance the EM field and localize it into the small volume of the nano-scale gap. It 
provides much more hot spots and larger GSERS maximum than the isolated structures, 
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Figure 3. (a) Plot of the Raman signal intensity derived from the 1363 cm-1 peak as a function of the gap and 
corresponding Ag layer thickness. The inset shows the Raman spectra for a series of gaps: 50 nm-gap (black), 20 
nm-gap (red), 17 nm-gap (blue), 10 nm-gap (green), no gap (pink). (b) Simulated hot spot number and maximum 
GSERS as a function of the gap and corresponding Ag layer thickness. (c)~(e) Simulated electric field distribution 
Log10|E|2 and corresponding 45°SEM images of the Ag nanocap-nanohole pairs with three typical gaps: (c) 50 
nm-gap, (d) 10 nm-gap and (e) no gap. All of them were illuminated by normally incident light with 785 nm 
wavelength. 
 
Furthermore, our fabrication method facilitates control over the gap size, which has 
strong influence on SERS enhancement. The separation between the nanohole and the 
nanocap is determined by the thickness of the evaporated Ag layer. The thicker the 
Ag layer, the smaller the gap. When the thickness exceeds the radius of the PS 
nanosphere, the nanocap is joined with the nanohole and the gap vanishes. Fig. 3 (a) 
shows the Raman signal intensity as a function of the gap size and corresponding Ag 
layer thickness. These measurements were performed under the same conditions and 
derived from the 1363cm-1 peak of the Raman spectra. We also plot the maximum of 
GSERS and the hot spot number as a function of the gap size in Fig. 3(b). 
 
From Fig. 3, for the gap larger than 50nm (i.e. Ag layer thickness less than 50nm), the 
Raman signal is not significantly improved over that obtained from isolated structures, 
representing weak field enhancement within the gap. It means that the plasmon 
interaction is quite weak in such case, due to the field attenuation deviating from 
either side of the gap. The calculated field distribution also confirms this point (seen 
as Fig. 3(c)). When the gap size is decreased to ~50nm or less, the plasmon 
interaction effect appears. The hot spot number and the maximum of GSERS start to 
increase drastically. As a result the Raman signal intensity starts to increase. It is 
similar to that in the nano-antenna gap 23 or particle-film coupled system 24. In our 
experiments, the Raman signals of the 10 nm-gap (i.e. 90 nm-thick Ag layer) system 
reaches about thirty-fold greater than that of the 50 nm-gap case. This is the strong 
interaction case: due to the small distance between the nanocap and nanohole, LSPs 
from each structure are strongly coupled and thereby significantly enhance the field in 
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as Fig. 3(d)). When the Ag layer thickness is further increased to over 100 nm, the 
edges of the Ag nanocap and the Ag nanohole are connected together. So the structure 
can be analogized to a roughness on a continuous Ag layer with no LSP coupling 
effect (seen as Fig. 3(e)). Therefore the hot spot number and the maximum of GSERS 
decline dramatically. As a result, the Raman signal falls nearly two orders of 
magnitude lower than that of the optimal case. 
The SERS enhancement factor (EF) value can be calculated from the experiment 
measurements using the methods put forth by Van Duyune19 20. We chose the Raman 
band at 1363 cm−1 to measure the signal intensity and used the hot spot number 
discussed above to derive the number of excited Raman molecules in SERS process. 
The result shows the Ag nanocap-nanohole coupling structure can provide a peak EF 




In conclusion, we have proposed a composite plasmonic structure consisting of 
coupled Ag nanocap-nanohole pairs. This structure can be fabricated through a simple 
physical method. Because of the plasmonic coupling effect, localized electric fields 
can be significantly enhanced within the nano-scale gaps in the combined systems, as 
indicated by the SERS measurements and numerical simulations. We demonstrated 
that the intensity of SERS signals can be effectively controlled by the gap. When the 
gap size is 10 nm, its SERS EF under 785 nm excitation can reach 1.1×108, which is 
much higher than that of the isolated structures. 
This work provides a facile top-down fabrication method for SERS substrate with 
high EF in NIR wavelength. It also enables a more compact distribution of the 
coupled units, even periodical arrangement, which is expect to provide greater Raman 
signals towards the goal of reproducible single-molecule SERS detection. Moreover, 
by offering an accessible means to produce high electric field enhancement with 
nano-scale gaps, we anticipate that this approach will enable novel plasmonic 
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